ABSTRACT Increases in vector-host contact rates can enhance arbovirus transmission intensity. We investigated weekly ßuctuations in contact rates between mosquitoes and nesting birds using the recently described Nest Mosquito Trap (NMT). The number of mosquitoes per nestling increased from Ͻ1 mosquito per trap night to 36.2 in the Þnal 2 wk of the nesting season. Our evidence suggests the coincidence of the end of the avian nesting season and increasing mosquito abundances may have caused a "host funnel," concentrating host-seeking mosquitoes to the few remaining nestlings. The relative abundance of mosquitoes collected by the NMT suggests that signiÞcantly more Aedes albopictus (Skuse) and Culex pipiens (L.)/restuans (Theobald) sought nesting bird bloodmeals than were predicted by their relative abundances in CO 2 -baited Centers for Disease Control and Prevention light and gravid traps. Culex salinarius (Coquillett) and Culex erraticus Dyar and Knab were collected in NMTs in proportion to their relative abundances in the generic traps. Temporal host funnels and nesting bird host speciÞcity may enhance arbovirus ampliÞcation and explain observed West Nile virus and St. Louis encephalitis virus ampliÞcation periods.
In many areas of North America the annual transmission dynamics of St. Louis encephalitis virus (family Flaviviridae, genus Flavivirus, SLEV) and West Nile virus (family Flaviviridae, genus Flavivirus, WNV) are quite similar excepting often more intense and perennial WNV transmission (Shaman et al. 2005 , USGS 2011 . Both pathogens exhibit enzootic cycling, primarily between avian hosts and Culex spp. mosquitoes; both also undergo a phase of ampliÞcation that coincides with the end of the avian nesting season (Day and Stark 1999, USGS 2011) . WNV vector species shift hosts at the time of avian dispersal from nests, and this shift in hosts is associated with increased human WNV incidence (Kilpatrick et al. 2006a , Kent et al. 2009 ). A similar bird-to-mammal host shift occurs for Culex nigripalpus Theobald, a vector of SLEV in Florida (Edman and Taylor 1968) .
Nestlings may be particularly important to WNV and SLEV ampliÞcation. Nestlings represent a large proportion of the immunologically naṏve avian population, are constrained to a Þxed location, lack the protective mature feather coverage of adults, exhibit weak defensive behavior (Scott 1991 , Day and Stark 1999 , Shaman et al. 2002 , and exhibit greater duration and intensity of SLEV viremia than adult birds (McLean 1980 , Mahmood et al. 2004 . Despite this, there is little known about the interactions between nestlings and vector mosquitoes (GrifÞng et al. 2007 ). Both the capacity for an avian community to harbor arboviruses and the host preferences of mosquito populations vary greatly across time and space (Kilpatrick et al. 2006a,b; Hamer et al. 2011) . This makes temporal and species-speciÞc knowledge of vector-host contact rates critical to understanding arbovirus ecology (Kilpatrick et al. 2006b ). To determine temporal trends of vector-nestling contact we quantiÞed contact rates for several mosquito species using the recently developed Nest Mosquito Trap (NMT) (Caillouet et al. 2012) .
We collected mosquitoes seeking to feed on cavity nesting eastern bluebirds (EABLs; Sialia sialis, L. (Passeriformes: Turdidae)), prothonotary warblers (PROWs; (Protonotaria citrea, Boddaert (Passeriformes: Parulidae)), and wrens (Passeriformes: Troglodytidae) at three sites in rural central Virginia using the NMT. The NMT is a continuously operated suction device that attaches to the side of a specially designed bird nest box. For a more detailed description of the NMT see Caillouet et al. (2012) . Field sites that were at least 5 km from each other included the Virginia Commonwealth University Rice Center, an ecological research station, and two private residences. Each site is bordered by river tributaries of the lower Chesapeake Bay.
In total, 120 large (n ϭ 39) and small nest boxes (n ϭ 81) that were spaced at least 20 m apart and 1.5Ð1.8 m above ground or water level were surveyed at least once each week for occupancy from 19 March to 22 July, 2010. NMTs were deployed only on nest boxes that contained nestlings. Fifty-one trap exposures (or trap nights) were sampled with NMTs from 19 March to 22 July, 2010. Traps were operated continuously for 19 Ð21 h between 1230 and 1730 hours and retrieved the following day between 0930 and 1230 hours. Traps were retrieved in the same order they were deployed to provide equal sampling time for the traps.
In addition to trapping mosquitoes at nest boxes, we also collected mosquitoes using CO 2 -baited (1.3 kg dry ice) Centers for Disease Control and Prevention (CDC) light and CDC Gravid traps. These traps were set at the three sites on a weekly basis on different sampling nights from the NMT collections so as to not directly compete with each other. Captured mosquitoes were killed by freezing at Ϫ20ЊC, identiÞed to species using regional identiÞcation keys (Slaff 1989) , and enumerated in the laboratory.
We estimated the per nestling host-seeking rate (hereafter estimated HSR) by adjusting the number of mosquitoes collected per nest box per trap night by a previously determined (Caillouet et al. 2012 ) laboratory capture efÞciency ratio of (38.2%) and dividing the estimated nest box total by the number of nestlings within each nest box.
We compared the mosquito species abundances collected by the NMT to abundances of mosquitoes in the CDC light and gravid traps. An assessment of the mosquito species relative abundance ratio was performed by determining 95% CIs for each species. Ratios in excess of one indicate that these species were observed disproportionately more often in NMTs. Likewise, relative abundance ratios that are Ͻ1 indicate that these species were not collected as often by the NMT relative to CDC light and gravid collections.
We used Pearson correlation coefÞcients to determine whether the bi-weekly estimated HSR was associated with ambient mosquito abundance, the total number of nestlings occupying nest boxes at our study sites, or the ratio of ambient mosquito abundance to nestling abundance. All statistical analyses were performed using SAS 9.0 (SAS Institute, Cary, NC).
Over a 10 week period we collected 149 mosquitoes with the NMT during 51 trap nights (2.9 Ϯ 1.81; mean/ trap night Ϯ SEM). Adjusting for the laboratory efÞ-ciency rating of the NMT (38.2%) we estimated a mean number of mosquitoes seeking nesting-bird bloodmeals of 2.0 per nestling per trap night (Ϯ1.19). The majority of these mosquitoes were Culex salinarius Coquillett (2.0 Ϯ 1.46). Culex pipiens (L.)/restuans (Theobald) (0.6 Ϯ 0.33), Culex erraticus Dyar and Knab (0.2 Ϯ 0.09), and Aedes albopictus Skuse (0 Ϯ 0.03) were also collected in NMTs. The relative abundance ratios (RAR) for both Cx. erraticus (RAR: 1.45; 95% CI: 0.90 Ð2.00) and Cx. salinarius (0.78; 0.27Ð1.29) suggest that these species were collected in proportion to the abundances approximated by CDC light and gravid traps, whereas, Cx. pipiens/restuans (8.58; 8.04 Ð9.12) and Ae. albopictus (3.67; 3.03Ð 4.31) were represented more in NMT collections (Table 1) .
The mean estimated HSR remained Ͻ1 mosquito per trap night for the Þrst 6 wk (weeks 21Ð26) until weeks 27 and 28 when it increased to 1.2 (Ϯ0.62) (Fig.  1) . In weeks 29 and 30 estimated HSR increased to 36.3 (Ϯ21.92). Week 30 marked the end of the nesting (197.3 Ϯ 174.84 ) was observed at the end of our study coinciding with the end of avian nesting. Neither the bi-weekly total number of nestlings (r ϭ Ϫ0.81; P value ϭ 0.099) nor the bi-weekly abundance of mosquitoes collected by CDC light and gravid traps (r ϭ 0.80; P value ϭ 0.106) was associated with a temporal increase in the estimated HSR. However, the ratio of mosquitoes collected by CDC light and gravid traps to the total number of nestlings was signiÞcantly and positively associated with estimated HSR (r ϭ 0.99; P value ϭ 0.0002). To examine the relationship between changes in nestling HSR and human disease, we compared temporal trends in our data to the historic temporal trends for human WNV cases, calculated as the mean number of WNV human cases by week for the years 2003Ð2010 in the state of Virginia. WNV human case data included all reports of WNV fever and WNV neuroinvasive disease (CDC Arbonet). The spike in nestling HSR at week 29 coincides with the historical onset of human cases of WNV in Virginia (Fig. 1) .
In his review of SLEV epidemics, Day (2001) stated that SLEV transmission "requires an intricate synchronization of vector and ampliÞcation host population dynamic." We propose that such an "intricate synchronization" may exist in SLEV and WNV ampliÞ-cation speciÞcally because of the decline of available nestling hosts at the end of the avian nesting season.
Several Þeld studies have demonstrated shifts in mosquito bloodmeal preference from birds to mammals including humans that are temporally associated with postbreeding avian dispersal and human arbovirus risk (Kilpatrick et al. 2006a , Kent et al. 2009 ). Similar timing of increases in mosquito WNV infection rates have been noted in 2005 and 2006 in Chicago (Hamer et al. 2008 ) and in many regions of the United States. Recently, BurkettÐCadena et al. (2012) , demonstrated that winter harshness explains variation in the timing of host feeding shifts ostensibly because of delays in avian nesting caused by severe winters.
In addition to studies documenting temporal associations of increased WNV transmission with avian dispersal, theoretical models of WNV and SLEV ampliÞcation have demonstrated that changes in the spatial distribution of hosts and vectors can inßuence arbovirus ampliÞcation (Shaman 2007 (Shaman , 2011 . Shaman et al. (2002) observed that springtime drought-induced congregations of Cx. nigripalpus vectors and nesting birds facilitated SLEV ampliÞcation. This study suggested that SLEV was ampliÞed by the spatial clustering of abundant vectors and hosts leading to increased avian and subsequent human SLEV infections (Shaman et al. 2002) . Though spatial clustering of abundant hosts and vectors is likely necessary to sustain arbovirus transmission, a temporal reduction in host abundance without a reduction in vector abundance would increase HSR and likely enhance arbovirus ampliÞcation for short time periods; a phenomenon observed in a theoretical time-continuous model by Wonham et al. (2004) . In an experimental setting, Foppa et al. (2011) demonstrated that spatial clustering in ßocks of 10 chickens reduced per capita HSR; lone chickens were fed on at a per capita rate 4.5 times greater than chickens in ßocks.
Though our evidence is limited because of a small sample from 1 yr, we suggest that the decrease in nestling hosts because of the culmination of the nesting season (avian dispersal) and the seasonal increase in mosquito populations may cause a "host funnel" in which the last birds remaining on nests experience signiÞcantly greater mosquito burden. Our conclusions support the model proposed by Wonham et al. (2004) that demonstrated that low densities of birds exacerbate disease transmission because of increased per capita biting rates. A model by Lord and Day (2001) also found that interactions between seasonal vector abundance and wild bird reproduction were important to the timing and likelihood of epizootic transmission of SLEV. Though obvious differences exist in the periodicity of SLEV (rare) and WNV (annual) epidemics, increases in the vector-host contact ratio associated with the culmination of the nesting season may enhance the probability of ampliÞca-tion for either pathogen.
In the only other study to observe mosquito contact rates through time on nesting birds, GrifÞng et al. (2007) found that the abundance of mosquito landings on American robins peaked in early June; well before the end of the nesting season. This study documented much greater abundances of mosquitoes landing on nesting birds than we observed. It may be that differences in mosquito exposure exist between open cup and cavity nesting birds. In addition, Loss et al. (2009) provided evidence that nestlings do not play an important role in WNV transmission in Chicago, IL. Hatch-year birds (Þrst year birds that have ßedged the nest) have been documented to play a major role in the ampliÞcation of both SLEV (Day and Stark 1999) and WNV (Hamer et al. 2008) . Conßicting evidence regarding the role of nestlings in the ampliÞcation of arboviruses may be the result of geographic and meteorological differences that modulate HSR including: vector abundance, host heterogeneity, host reproductive timing, and host spatial distribution. Such sitespeciÞc and inter-annual differences may inßuence the consequences of host funnels and play a role in determining outbreaks. Spatio-temporal heterogeneity in the ampliÞcation of arboviruses underscores the need for longer term, spatially explicit investigations of HSR at Þnely resolved time-scales to inform transmission models and ultimately prevent human infections.
Cx. salinarius, the most numerous mosquito species collected in this study, has been documented to feed primarily on mammals (Edman 1974 , Apperson et al. 2004 ). Apperson et al. (2002) found a 1:4 ratio of avian to mammalian-fed Cx. salinarius mosquitoes. In our study, Cx. salinarius was collected seeking nestingbird bloodmeals in proportion to its ambient abundance, evidence that it was not selectively seeking nesting bird bloodmeals. Though our study conÞrms that this primarily mammalophagic species does feed on birds in signiÞcant numbers, its role as a viral amplifying vector is likely limited because of its propensity to feed on less-competent host taxa. In the same study, Apperson et al. (2002) reported a 23:1 avian/mammalian bloodmeal ratio for Cx. pipiens and 6:1 for Cx. restuans. Compared with Cx. salinarius we collected relatively few Cx. pipiens/restuans mosquitoes in the NMT, but those that were collected exceeded by eight-fold the abundance that would have been predicted if they were caught in proportion to their abundance in generic traps.
The concentration of mosquitoes onto immunologically naṏve nestling birds that occurs at the end of the nesting season may result in the "intricate synchronization" necessary to explain the marked spatial synchrony of annual WNV ampliÞcation and sporadic SLEV ampliÞcation. Because of the limitations of this study, more Þeld data are needed to validate our host funnel hypothesis as a mechanism to explain WNV and SLEV ampliÞcation. Future studies will incorporate more extensive temporal sampling on multiple avian species in disparate geographic regions.
